Abstract-We demonstrate an electrically small antenna that operates at two modes, which correspond to two orthogonal polarizations.
INTRODUCTION
Electronic devices utilizing antennas are limited in physical size as determined by the size of the incorporated antenna. The characteristic dimensions of the antennas are directly proportional to their operation wavelength (λ), and they should have an electrical size approximately equal to λ/2 for efficient radiation. The metamaterial study has brought new opportunities to improve the performance of current devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In particular, the possibility of antenna miniaturization by utilizing metamaterials has been studied and proven to be useful by many researchers. Buell et al. experimentally demonstrated an efficient method for antenna miniaturization by loading a patch antenna with a resonator medium. Miniaturization factors of 4 to 7 with antenna efficiencies of 20% to 35% were achieved [16] .
Miniaturization of a simple monopole antenna can be achieved by coupling it to a sole subwavelength metamaterial element instead of a medium. Alici et al. demonstrated a λ/10 monopole split ring resonator (SRR) composite antenna operating with 43% efficiency at 3.62 GHz [17] . The electrical size of the resonator can be reduced by increasing its quasi-static capacitance, leading to an electrically smaller antenna. The fundamental limit of this method was also studied, and it was shown that the antenna gain, and thereby efficiency, starts to decrease after some point [18] . One of the advantages of electrically small split ring resonator antennas (ESSRRA) is that their operation frequency can be as large as several hundred THz, as determined by the resonance frequency of the metamaterial elements available. As we scale the physical dimensions of the resonator, its operation frequency changes accordingly. A detailed analysis on the resonator performance was given in Refs. [19, 20] , which includes the substrate effects and tunability of multi ring structures. The electrical size of a multi split ring resonator (MSRR) can be arranged by simply changing the number of its rings while retaining the physical size. In the present study, we utilized this property of MSRRs in order to create an ESSRRA that contains two different resonators and operates at two frequency bands. Hence, the suggested ESSRRA is distinguished from those in [17, 18] , where a single resonator has been utilized. The polarizations of the antenna radiation are orthogonal for the two operation bands, one of which appears due to the MSRR, while the other one appears due to the SRR. An antenna's electrical size 'u' at the operation wavelength 'λ 0 ' is defined by using the diameter (2a) of the minimum sphere that encloses it, i.e., u = (λ 0 /2a)λ. For the case of an antenna above a conducting plane, the radius of the minimum sphere is defined by taking into account the antenna's image [21] . It has been known since the 1940s that for a given antenna quality factor, the size of a passive small antenna is theoretically limited [22, 23] . In other words, the minimum quality factor (Q min ) depends on the minimum radius (a) and operation wavelength (λ 0 ). The minimum quality factor is estimated by the formula: Q min = (2k 3 a 3 ) −1 + (ka) −1 , where the wavevector is k = 2π/λ. In addition to the fundamental limit in the Q-factor, the maximum achievable gain (G) for a given wavevector (k) and minimum radius (a) are also theoretically limited. Fante numerically plotted the maximum of G/Q with respect to ka [24] . The limit for the theoretical gain of the antenna under test can be estimated from this data.
ANTENNA CONFIGURATION AND EXPERIMENTAL CHARACTERIZATION
An antenna under test (AUT) can be experimentally characterized by using a network analyzer. In order to measure the scattering parameters (S-parameters), the AUT was connected to one of the network analyzer ports. We measured the necessary S-parameters (S 11 and S 21 ) with respect to a 50 Ω load, by using an HP8510C network analyzer and standard gain horn antennas. After a full two port calibration, we connected the ESSRRA and recorded its input reflection coefficient with the output port terminated with a matched load. The configuration of the AUT with the selected parameters is shown in Fig. 1 . We loaded the monopole antenna simultaneously with two electrically small metamaterial elements. We placed the SRR composed of a single split ring parallel to the yz-plane. We had the MSRR with the same side length in the xz-plane, the number of rings (N ) of the MSRR was N = 5. The remaining parameters were the following: resonator side length, l = 4 mm, separation between the rings, s = 0.2 mm, width of the strips, w = 0.2 mm, split width, g = 0.2 mm, thickness of the deposited metal (not shown in Fig. 1) , h = 0.018 mm, substrate (FR-4) thickness, t = 1 mm. The listed relative permittivity of FR-4 in CST library was ε r = 4.9 with a dissipation factor tan δ = 0.02. The coaxial SMA connector was soldered to the ground plane from the bottom and the metamaterial particles were mechanically connected to the ground plane by using comb shaped FR-4 holders. We connected the antenna to an antenna holder from the corners of the ground plane for the characterization measurements.
The minima of the S 11 magnitude show us at which frequencies the antenna is matched to free space. These frequencies are the operation center frequencies. In Fig. 2 , they are nearly equal to 4.74 GHz (MSRR mode) and 5.62 GHz (SRR mode). The fractional bandwidth (FBW) at these modes was calculated as: FBW = Δf /f 0 , where Δf is the half power bandwidth and f 0 is the center frequency. As the resonators were perpendicular to each other, their coupling was minimal and the obtained operation frequencies were close to the resonance frequencies of the corresponding SRR and MSRR media as determined by the transmission measurements. The half power bandwidths were 300 MHz and 520 MHz, and thereby the FBWs were 0.063 and 0.093 at 4.74 GHz and 5.62 GHz, respectively. The electrical size of the antenna was λ/11.2 for the MSRR mode and λ/9.5 for the SRR mode. By using the formula for Q min we estimated the minimum antenna quality factors as Q min -MSRR = 4.5 and Q min -SRR = 3.2. Now let us compare the obtained values with the theoretical limit (Q min ). For this purpose, we used the Foster Reactance Theorem [25] and estimated the Q-factor as 1/FBW from the experimental S 11 amplitude data. The Q-factors were 15.9 and 10.8 for the MSRR and SRR modes that is within the same order of magnitude with the theoretical limits. We tabulated these data in Table 1 . In order to determine the antenna efficiency, figures of merit need to be extracted from the S 21 data. We measured S 21 directly at the far field instead of utilizing near field far field transformations. The far field distance R should be larger than 10λ and D 2 /2λ, where D is the largest dimension of the antennas. Our receiver antenna was a standard gain horn antenna with a rectangular aperture. In Fig. 3 , we showed the frequency dependent angular co-polar and cross-polar far field patterns. The patterns were not scaled to peak gain and given linear scale. Note that the co-polar pattern of MSRR mode is the cross-polar pattern of SRR mode and vice versa. In Fig. 3 , parts (a) and (c), we have SRR co-polar patterns at the x-z and y-z planes, respectively. Similarly, in Fig. 3 , parts (b) and (d), we have MSRR co-polar patterns at the y-z and x-z planes, respectively. We can clearly see from these data that one mode was operating while the other one was inactive, and vice versa. The co-to cross-polarization ratio was 14.6 dB for the MSRR mode, and it was 15.9 dB for the SRR mode. We can identify the gain of the antennas by using absolute gain measurements [26] . By using the formula:
(G 0r ) dB + (G 0r ) dB = 20 log 10 (4πR/λ) + 10 log 10 (P r /P t ) (1) the gain of the antenna for both two modes was calculated. Here, (G 0r ) dB is a gain of the receiver antenna in the dB, P r and P t are the received and transmitted power, R is the separation between the antennas, and λ is the operation wavelength. Then, the gain of the MSRR mode is nearly equal to −0.8 dB, and that of the SRR mode is −0.5 dB. Fante studied the maximum gain of an antenna as a function of ka. We had ka MSRR = 0.57 and Q min -MSRR = 4.5 and thereby the maximum theoretical gain was G max -MSRR ∼ 18. For the SRR mode, ka SRR = 0.67, Q min -SRR = 3.2, and G max -SRR ∼ 16. Before calculating the efficiency, we investigate the directivity of the antenna for the two modes. In Figs. 4 and 5, the far field pattern cuts are shown at the operation frequencies of the two modes. In Figs. 4(a) and (c) 
The beam characteristics are listed in Table 2 , in which the directivities of the modes were D 0 -MSRR = 5.6 and D 0 -SRR = 2.2. The total efficiency of the antenna was estimated as e t-MSRR = 15% and e t-SRR = 40% by the formula: G 0 (dB) = 10 log 10 [e t D 0 (dimensionless)]. 
ANALYSIS OF COUPLING OF THE TWO RESONATORS
In the present part, we numerically studied the effect of coupling on the return loss. The simulations were performed by using CSTMicrowave Studio: a full-wave solver based on finite integration method [27] . Among the earlier results, one should mention those obtained by Shamonina and co-workers, who were focused on coupling of metamaterial elements and developed theoretical models that explain effects, which eventually lead to magneto-inductive waves [28] [29] [30] [31] [32] [33] [34] [35] . Here, we do not get into theoretical details and just briefly discuss the coupling effects. In Fig. 6(a) , we show the comparison of the S 11 spectra in the single-and two-resonator cases. It was seen for the dual mode case that separation between the MSRR and SRR modes increased due to coupling. In Fig. 6(b) , we demonstrate the effect of angle between the two resonators (α) on the operation frequency. The case of α = 90 • corresponds to Fig. 1 . As the angle becomes smaller, the generated magnetic fields of the two resonators tend to become parallel and shift the dual operation frequencies away from each other. This feature should enable even a stronger decrease of the electrical size for one of the modes. We notice that there is a ∼ 0.8 GHz difference between the MSRR mode resonance frequencies obtained in simulation and above-discussed experimental results. In the simulations, we observed that a small difference in the placement of the resonators changes the operation frequency considerably. The resonators were aligned to the coordinate axes in the simulations. However, that was not the case for the experimental configuration. In our homemade antenna the positions of the resonator loads couldn't be perfectly controlled, which can lead to some difference between the simulation and experimental results. Furthermore, the FR-4 substrate can have a wide range of complex permittivity values depending on the manufacturing company. In the present simulations, we directly used the CST library parameter and did not make any adjustments.
CONCLUSION
To sum up, by electrically exciting two perpendicularly placed SRRs with different electrical sizes, we were able to obtain an electrically small, single fed, resonant antenna with efficiencies of 15% to 40%. The size of the antenna was less than λ/10 at the two operation frequencies, 4.72 GHz and 5.76 GHz. The dual polarization nature of this antenna enables operation for the two modes at perpendicular polarization states. The coupling between the two resonators exerts a quite strong effect on the operation modes, leading to a controllable separation of the MSRR and SRR modes. The suggested antenna can be utilized, for example, as a single receiver element or a unit cell element of a metamaterial based phased array antenna.
